Mohammad MA, Haymond MW. Regulation of lipid synthesis genes and milk fat production in human mammary epithelial cells during secretory activation. Am J Physiol Endocrinol Metab 305: E700-E716, 2013. First published July 23, 2013; doi:10.1152/ajpendo.00052.2013.-Expression of genes for lipid biosynthetic enzymes during initiation of lactation in humans is unknown. Our goal was to study mRNA expression of lipid metabolic enzymes in human mammary epithelial cell (MEC) in conjunction with the measurement of milk fatty acid (FA) composition during secretory activation. Gene expression from mRNA isolated from milk fat globule (MFG) and milk FA composition were measured from 6 h to 42 days postpartum in seven normal women. Over the first 96 h postpartum, daily milk fat output increased severalfold and mirrored expression of genes for all aspects of lipid metabolism and milk FA production, including lipolysis at the MEC membrane, FA uptake from blood, intracellular FA transport, de novo FA synthesis, FA and glycerol activation, FA elongation, FA desaturation, triglyceride synthesis, cholesterol synthesis, and lipid droplet formation. Expression of the gene for a key lipid synthesis regulator, sterol regulatory element-binding transcription factor 1 (SREBF1), increased 2.0-fold by 36 h and remained elevated over the study duration. Expression of genes for estrogen receptor 1, thyroid hormone-responsive protein, and insulin-induced 2 increased progressively to plateau by 96 h. In contrast, mRNA of peroxisome proliferator-activated receptor-␥ decreased severalfold. With onset of lactation, increased de novo synthesis of FA was the most prominent change in milk FA composition and mirrored the expression of FA synthesis genes. In conclusion, milk lipid synthesis and secretion in humans is a complex process requiring the orchestration of a wide variety of pathways of which SREBF1 may play a primary role. fat globule; milk production; metabolism; microarray; GC-MS HUMAN MILK LIPIDS are comprised of 98% triglycerides (TG) and provide Ϸ50% of an infant's energy intake (15, 36). Milk TG contain fatty acids (FA) derived from three sources: mobilized maternal fat stores, maternal dietary lipids and de novo synthesis within the mammary gland (MG) (15, 24) . In addition to liver and adipose tissue, the MG is recognized as one of three major lipid-synthesizing organs in the body (77). The unique feature of FA metabolism within the MG is the synthesis of medium-chain FA because the mammary epithelial cell (MEC) expresses a special enzyme, thioesterase II (37, 52, 78) , that terminates FA synthesis at a carbon length of 8 -16 carbons. In contrast, longer-chain FA in milk have been shown to originate mainly from either maternal diet or from mobilized adipose tissue (72).
HUMAN MILK LIPIDS are comprised of 98% triglycerides (TG) and provide Ϸ50% of an infant's energy intake (15, 36) . Milk TG contain fatty acids (FA) derived from three sources: mobilized maternal fat stores, maternal dietary lipids and de novo synthesis within the mammary gland (MG) (15, 24) . In addition to liver and adipose tissue, the MG is recognized as one of three major lipid-synthesizing organs in the body (77) . The unique feature of FA metabolism within the MG is the synthesis of medium-chain FA because the mammary epithelial cell (MEC) expresses a special enzyme, thioesterase II (37, 52, 78) , that terminates FA synthesis at a carbon length of 8 -16 carbons. In contrast, longer-chain FA in milk have been shown to originate mainly from either maternal diet or from mobilized adipose tissue (72) .
During initiation, or secretory activation, "the onset of copious milk secretion" (2, 9) , dramatic changes in milk volume and composition occur (56, 57, 70) . Studies over the past decades have improved our understanding of the regulation of the synthetic and secretory pathways of milk proteins and lipids in a variety of animal models (2, 5, 65, 69) . We have recently reported the temporal coordination of changes in gene expression of carbohydrate metabolic pathways in human MEC transcriptome obtained from milk fat globules (MFG) (54) . In that study, we demonstrated that genes controlling the conversion of glucose to UDP-galactose (UGP2 and PGM1) and UDP-galactose transport into the Golgi (SLC35A2) may be rate limiting in lactose synthesis. We speculated that progesterone withdrawal following delivery may be the most likely signal. Decreasing plasma progesterone as reflected in milk progesterone concentrations was associated with a sharp increase in expression of the prolactin receptor and STAT5, which may in turn induce UGP2 and SLC35A2 expression.
To date, no studies have investigated expression of the genes for lipid biosynthetic enzymes and lipid production in humans during secretory activation of lactation. Furthermore, the majority of studies investigating MG gene regulation in animal models have focused on milk protein gene expression, and, by comparison, little attention has been paid to lipid biosynthesis (2, 6, 66) . The present studies describe the temporal coordination of changes in expression of genes in the lipid metabolic pathways and milk lipid content in healthy women during secretory activation and through the first six weeks of lactation.
MATERIALS AND METHODS

Subjects
Following approval from the Institutional Review Board at Baylor College of Medicine (Houston, TX), written informed consent was obtained from seven healthy, lactating women with an average age of 30 Ϯ 1 yr (mean Ϯ SE) and mean pre-pregnancy height and weight of 165 Ϯ 2 cm and 61 Ϯ 4 and BMI of 22 Ϯ 1 kg/m 2 . Details on inclusion and exclusion criteria and more details about the study design involving these same subjects and samples have already been published (54) .
In brief, breast milk was collected 6 h following delivery, q12 h for the first 4 days, and then weekly for a total of 6 wk. About 0.5-1.0 ml of whole milk was kept at Ϫ70°C for fat analysis. The remainder of the milk sample was transferred into sterile, RNAse-free, tightly sealed tubes containing 20 l of RNAse inhibitor (SUPERase IN 20 U/l, Abmion Applied Biosystems), and then centrifuged (Sorvall Legend T) at 3,000 rpm for 15 min at 4°C. The supernatant fat layer was transferred using a sterile spatula to a new tube. TRIzol (2 ml; Invitrogen Life Technology, Carlsbad, CA) was added prior to storage at Ϫ80°C.
Milk FA Analyses
Milk FAs were measured using GC-MS after derivatization to the corresponding pentaflurobenzyl (PFB) derivative. FA standards Table 1 . saturated (SAT_FAs), monounsaturated (MUS_FAs), polyunsaturated (PU_FAs), omega 6 (6_FAs), omega 3 (3_FAs), and very-longchain (VLC_FAs; Ն22 carbons) and were expressed as concentrations (g/100 ml) and percentage of total FA. The daily total milk and individual FA output were calculated by multiplying the FA concentration times an estimate of milk volumes derived from previous publications (56, 57, 70) .
Pentafluorobenzyl (PFB) derivative's major fragment of different fatty acids (FAs) measured using negative chemical ionization (NCI) technique and methane as a reagent gas
Molecular Analysis
For RNA isolation, cRNA amplification, and expression microarray, total RNA was isolated from TRIzol-treated milk fat as previously described (54) . The RNA used in the present report was part of the expression array data previously reported (54) . However, none of the specific data in this report were presented or discussed.
Data Analysis
Details about raw intensity data analysis and normalization are presented in our previous publication (54) . These data have been deposited in NCBI's Gene Expression Omnibus (14) and are accessible through GEO Series accession no. GSE36936 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE36936). It was these data that underwent further analyses. The repeated-measures test was used to determine transcripts that statistically differed from the initial milk sample (6 h) using the Benjamini-Hochberg false discovery rate (B-H FDR) correction for multiple analyses. Of 16,622 probes, 12,400 probes were different (P Ͻ 0.05) from the baseline sample (6 h) (54) . The gene ontology (GO) option on GeneSpring GX11.5 was utilized to determine the most significant biological processes (corrected P Ͻ 0.05) represented in the MFG transcriptome as described earlier (54) . The MFG gene list relating to fat metabolic pathway (610/16,622 probes) containing gene accession numbers and symbols were uploaded into the Ingenuity Pathways Analysis application (IPA, Ingenuity Systems, www.ingenuity.com). Top significant networks and canonical pathways representing lipid metabolic pathways were calculated as described previously (45, 54) . Additionally, IPA provides upstream regulator analysis based on prior knowledge of expected effects between transcriptional regulators and their target genes stored in the IPA Knowledge Base. The analysis examines how many known targets of each transcription regulator are present in the dataset and compares their direction of change (i.e., expression in the experimental samples relative to control) to what is expected from the literature in order to predict likely relevant transcriptional regulators. If the observed direction of change is mostly consistent with a particular activation state of the transcriptional regulator ("activated" or "inhibited"), then a prediction is made about that activation state based on Z scores (Ն2.0 ϭ activated; ՅϪ2.0 ϭ inhibited). For our IPA analyses, a P value Ͻ0.05 was considered significant.
A repeated-measures test was used to determine the changes in milk FA concentrations, proportions, and daily production over time using SPSS software (v. 19; SPSS, Chicago, IL). GraphPad Prism software (v. 4; GraphPad Software) was used to generate the figures for milk FA composition and florescence intensity of the mRNA expression.
RESULTS
Milk FA Concentrations and Daily Production
Total milk fat concentration in the initial 6-h sample was 3.0 Ϯ 0.4 g/dl and declined to 1.7 Ϯ 0.3 g/dl by 24 h and subsequently progressively increased (P Ͻ 0.01), reaching a value similar to the initial concentration by 60 h (Fig. 1) . Following 24 h, the concentrations of the different groups of FAs (DNS_FAs, SAT_FAs, MUS_FAs, and PU_FAs, 6_FAs, and 3_FAs) increased (P Ͻ 0.05) by 60 h (Fig. 1) . Individual FA concentrations (g/dl) from 6 h postpartum are presented in Table 2 .
DNS_FAs as percentages of total FAs increased (P Ͻ 0.01) following day 2 from 8.2 Ϯ 0.5% to reach a plateau of 13.0 Ϯ 1.3% by day 7. Similarly, %MU_FAs increased between 6 h and day 7 (P Ͻ 0.01) from 36.7 Ϯ 1.2 to 39.8 Ϯ 0.7% of total FAs (Fig. 1) . However, percentages of other FA groups, including SAT_FAs, PU_FAs, 6_FAs, and VLC_FAs, decreased (P Ͻ 0.05) with the duration of lactation. The estimated daily total milk fat output sharply increased (P Ͻ 0.001) 21-fold from day 1 to day 4 and then continued to rise slowly, reaching a plateau of 40-fold by day 28. Compared with day 1, the daily output of DNS_FAs, SAT_FAs, MUS_FAs, PUF_As, 3_FAs, 6_FAs, and VLC_FAs increased (P Ͻ 0.01) 15-to 30-fold by day 4 (Fig. 1) . Daily production of individual FAs and groups of FAs (g/day) are presented in Table 3 .
Microarray Data Analysis
Transport of circulating FAs into MEC. This process involves MEC gene expression of membrane FA and lipid transporter, lipase genes, and intracellular FA binding proteins.
MEMBRANE FA AND LIPID TRANSPORTER GENES. The mRNA of solute carrier family 27 (FA transporter) member 5 (SLC27A5) increased threefold (P Ͻ 0.01) by day 4 (Fig. 2) . However, the mRNA of FA transporters SLC27A1 and SLC27A3 decreased (Ϫ3.0-and Ϫ10.0-fold, respectively, P Ͻ 0.01) over the first 4 days (data not shown). Expression of genes for both thrombospondin receptor (CD36) and very-low-density lipoprotein receptor (VLDLR) increased (P Ͻ 0.01) 2.7-and 22-fold, respectively, by day 4. Expression of the gene for LDL receptor (LDLR) decreased Ϫ1.2-fold by day 4 and then increased slightly over the entire study duration to 1.3 (P Ͼ 0.05) above the baseline (Fig. 2) . However, the mRNA of scavenger receptor class B member 1 (SCARB1 or HDL receptor) increased (P Ͻ 0.01) 2.0-fold by day 7 (Fig. 2) .
LIPASE GENES. The mRNA of carboxyl ester lipase or CEL (bile salt-stimulated lipase) increased (P Ͻ 0.01) progressively, reaching a plateau of 2.5-fold by day 7. Although the change in the gene expression was modest, CEL expression represents one of the 10 top abundant transcripts of the entire array (data not shown). Similarly, the gene expression of CEL pseudogene (CELP) increased (P Ͻ 0.01) 4.4-fold by day 4. Expression of the gene for lipoprotein lipase (LPL) increased (P Ͻ 0.01) 6.0-fold by day 4. However, expression of the genes for hormone-sensitive lipase E (LIPE) and endothelial lipase G (LIPG) increased progressively over the entire 42 days of study (4.0-and 27.0-fold respectively, above baseline) (Fig. 2) . Expression of the gene for lipase A (cholesterol esterase, LIPA) decreased by day 4 (Ϫ4.0-fold, P Ͻ 0.01) and remained suppressed over the 42 days of study (Fig. 2) .
INTRACELLULAR FA BINDING PROTEIN GENES. Expression of the genes for FA binding proteins FABP4 and FABP5 decreased sharply (ϾϪ10.0-fold, P Ͻ 0.01) by day 3 (data not shown). Expression of the genes for FABP3 and diazepam binding inhibitor (acyl-CoA binding protein, DBI) increased (P Ͻ 0.01) 4.0-and 3.0-fold, respectively, by day 4 (Fig. 2) . Expression of the gene for FABP7 increased 12.0-fold over the first 4 days and then declined to reach baseline values by day 42 (data not shown).
FA de novo synthesis and gene modification. TCA CYCLE GENE EXPRESSION. The TCA cycle provides both substrate and energy for de novo synthesis and therefore is an important substrate source for de novo FA synthesis. Expression of the genes for many enzymes of the citric acid cycle increased after 6 h (P Ͻ 0.01), reaching a relative plateau by day 4 (Fig. 3) . The highest abundance among TCA genes over the study duration was malate dehydrogenase-2 (MDH2, 1.5-fold). However, the greatest fold change over the first 4 days were aconitase-1 (ACO1, 5.9-fold), malate dehydrogenase-1 (MDH1, 3.5-fold), isocitrate dehydrogenase-1 and -2 (IDH1/2, 3.3-and 2.3-fold, respectively), succinate dehydrogenase complex subunit C (SDHC, 2.0-fold), and solute carrier family 25 #1 (mitochondrial carrier; citrate transporter; SLC25A1, 2.4-fold) (Fig. 3) . In contrast, expression of the gene for citrate synthase (CS) remained relatively constant (data not shown).
FA SYNTHESIS AND THIOESTERASE GENES. Expression of the genes for ATP citrate lyase (ACLY), acetyl-CoA carboxylase-␣ (ACACA) and acetyl-CoA carboxylase-␤ (ACACB) increased (P Ͻ 0.01) progressively to 4.0-, 6.0-, and 5.0-fold, respectively, by day 4 (Fig. 3) . Expression of the gene for FA synthase (FASN) increased 4.0-fold (P Ͻ 0.01), reaching a plateau by day 2 and also represented one of top 10 abundant transcripts of the entire array (Fig. 3) . Similarly, expression of the gene for S-acyl fatty acid synthase thioesterase, medium chain (thioesterase II or oleoyl-acyl-carrier protein hydrolase, OLAH) increased progressively, reaching a plateau of 12.0-fold by day 4. The mRNA of acyl-CoA thioesterase (ACOT) family members 1, 2, 4, 7, 8, 9, and 11 were detected. ACOT11 had the highest increase (8.0-fold, P Ͻ 0.01) over the duration of study (Fig. 3) , while the mRNAs of ACOT1, -2, and -8 increased (2.9-, 2.3-, and 3.8-fold, respectively, P Ͻ 0.01); in contrast, those of ACOT4, -7, and 9 decreased (Ϫ1.4-, Ϫ5.6-, and Ϫ106-fold, respectively, P Ͻ 0.01) over the study duration (data not shown). The mRNA of thioesterase superfamily member 2 [THEM2, currently defined as ACTO13 (30)], despite being more abundant than ACOT11, was unchanged over the study duration (data not shown).
FA ELONGATION AND DESATURATION GENES. Expression of the genes for elongation of long-chain FAs (ELOVL) member 5 (ELOVL5), -6 (ELOVL6), and very-long-chain FA-like 1 (ELOVL1) increased 9.0-, 8.0-, and 2.0-fold, respectively, by day 4. Expression of the gene for fatty acid desaturase-2 (FADS2) was the only member of the FA desaturases that increased (Ͼ2.0-fold, P Ͻ 0.01) over the first 7 days. Expression of the gene for FADS3 decreased (Ϫ2.0-fold, P Ͻ 0.01), whereas that of FADS1 was not detected (data not shown). Expression of the gene for stearoyl-CoA desaturase (⌬9-desaturase, SCD) decreased (Ϫ10.0-fold, P Ͻ 0.01) by day 3 (Fig. 3) . Expression of the gene for SCD5 was very low in abundance compared with SCD but increased 3.0-fold (P Ͻ 0.01) by day 4 (Fig. 3) .
Glycerol and FA activation and TG assembly genes. GLYCEROL BACKBONE ACTIVATION. Expression of the gene for glycerol kinase (GK) decreased Ϫ2.0-fold (P Ͻ 0.01) by day 7. In contrast, expression of the genes for glycerol-3-phosphate dehydrogenase-1-like (GPD1L), GK5, acylglycerol kinase (AGK), and diacylglycerol kinase-␣ (DGKA) increased (3.5-, 20.0-, 3.0-, and 2.2-fold, respectively, P Ͻ 0.01) over the first 4 days (Fig. 4) .
FA ACTIVATION. Expression of the genes for acyl-CoA synthetase short-chain family member 1 (ACSS1) and ACSS2 increased (P Ͻ 0.01) 5.0-and 3.0-fold, respectively, by day 4. Expression of the genes for ACS long-chain family member 1 (ACSL1), ACSL4, and ACS medium-chain family member 3 (ACSM3) increased (P Ͻ 0.01) 2.1-, 6.2-, and 1.8-fold, respectively, over the first 4 days and remained relatively constant over the duration of study (Fig. 4) .
ACYLTRANSFERASES AND TG ASSEMBLY. By day 4, expression of the genes for glycerol-3-phosphate acyltransferase mitochondrial (GPAM) and 1-acylglycerol-3-phosphate O-acyltransferase-1 (AGPAT1) increased (9.0-and 1.8-fold, respectively, P Ͻ .0.1; Fig. 4 ). Expression of the gene for diacylglycerol O-acyltransferase (DGAT1) increased (1.5-fold, P Ͻ 0.01) only following day 7. Expression of the genes for lipin 1 (LPIN1) and LPIN2 increased (P Ͻ 0.01) 4.0-and 2.0-fold, respectively, by day 4 (Fig. 4) . Values are means from 7 subjects. DNS, de novo synthesized; SAT, saturated including DNS; MUFA, monounsaturated; n-3 PUFA, omega3 polyunsaturated; n-6 PUFA, omega 6 polyunsaturated; PUFA sum of n-3 PUFA and n-6 PUFA and VLCFA, very-long-chain FA (Ն20 carbons). Overall P values for repeated-measure analysis were Ͻ0.01 for all measured parameters. Following 24 h, concentration of C8, C10, C12, C14, C15, ΑDNS, C16:0, C18:0, ΑSAT, C16:1, C18:1, ΑMUFA, C18:3 (n-3), C20:5 (n-3), C22:6 (n-3), Αn-3 PUFA, C18:2 (n-6), C18:3 (n-6), Αn-6 PUFA, and ΑPUFA all increased (P Ͻ 0.05) by day3 compared with 24 h. Concentrations of C4 and C6 increased (P Ͻ 0.05) by day7 compared with 24 h. However following 24 h, concentration of C20:0, C22:0, C24:0, C22:5 (n-3), C20:2 (n-6), C20:3 (n-6), C20:4 (n-6), C22:4 (n-6), and VLCFA generally decreased (P Ͻ 0.05) compared with 6 h.
Cholesterol transport and synthesis genes. CHOLESTEROL TRANSPORT GENES. Expression of the genes for ATP-binding cassette, subfamilies A1 (ABCA1) and G1 (ABCG1) decreased (P Ͻ 0.01) by day 4 (Ϫ40.0-and Ϫ48.0-fold, respectively; Fig. 5 ). However, ABCG2, which was detected at 24 h, increased to 7-fold by day 7 and continued to increase progressively over the study duration. ABCA7 was detected in very low abundance (ϳ1/10 of ABCA1) and similarly decreased by Ϫ3.0-fold by day 4 (data not shown).
CHOLESTEROL SYNTHESIS AND METABOLISM GENES. By day 4, the mRNA of genes responsible for cholesterol synthesis increased more than 2.0-fold (Fig. 5) . The genes included farnesyldiphosphate farnesyltransferase-1 (FDFT1), sterol-C4-methyl oxidase-like (SC4MOL) sterol-C5-desaturase like (SC5DL), isopentenyl-diphosphate delta isomerase-1 (IDI1), mevalonate (diphospho) decarboxylase (MVD), cholesterol 25-hydroxylase (CH25H), 7-dehydrocholesterol reductase (DHCR7), geranylgeranyl diphosphate synthase-1 (GGPS1), and cholesterol 25-hydroxylase (CH25H); all increased 3.0-to 18.0-fold (P Ͻ 0.01; Fig. 5 ).
LIPID DROPLET SYNTHESIS GENES. Expression of the genes for xanthine dehydrogenase (XDH), perilipin 2 (PLIN2), and butyrophilin subfamily 1 member A1 (BTN1A1) increased (8.0-, 1.3-, and 7.5-fold, respectively, P Ͻ 0.01) by day 4 (Fig. 5) .
Expression of the gene for PLIN5 started with the same expression level of BTN1A1 but decreased (Ϫ8.0-fold, P Ͻ 0.01) by day 4 (data not shown).
Regulators and transcription factor genes. Expression of the gene for SREBF1 increased 2.0-fold by 36 h and then plateaued (Fig. 6 ). Other regulatory elements increased more slowly, reaching a relative plateau of 2.5-to 15-fold (P Ͻ 0.01) by day 4: thyroid hormone-responsive (THRSP or Spot 14), estrogen receptor 1 (ESR1), estrogen receptor related-␣ (ESRRA), INSIG2, and PPARA (Fig. 6) . In contrast, expression of the gene for INSIG1 continued to increase slowly (2.6-fold, P Ͻ 0.01) over the entire 42 days of study. However, by day 4, expression of the genes for SREBF, SREBF chaperone (SCAP), and PPAR␥ decreased (Ϫ1.2, Ϫ1.2-, and Ϫ33.0-fold, respectively, P Ͻ 0.01) (Fig. 6 ).
Ingenuity Pathway Analysis
Ingenuity pathway analysis for the 610 transcripts representing the gene ontology (GO) of lipid metabolic processes revealed several significant canonical pathways. In descending order of significance, the top five canonical pathways were: FA ␤-oxidation, 3-phosphoinositide biosynthesis, TCA cycle, stearate biosynthesis, phospholipases, and others. IPA up- Values are means from 7 subjects. Estimated daily production of total FA, C8, C10, C12, C14, C15, C16, C16:1, C18:0, C18:2 (n-6), C18:1, C18:3 (n-3), C20:0, C20:4, C20:5 (n-3), C20:3 (n-6), C20:2 (n-6), C20:1, C22:5 (n-3), DNS, SAT, MUFA, and PUFA all increased (P Ͻ 0.05) by 24 h compared with 6 h. Estimated daily production of C18:3 (n-6), C22:0, C22:6 (n-3), C22:4 (n-6), C24:0, C24:1, and VLCFA increased (P Ͻ 0.05) by 36 h. However, C4 and C6 increased (P Ͻ 0.05) by 60 h compared with 6 h. Daily total and individual milk FA outputs were calculated by multiplying the FA concentration Table 2 ) times an estimate of milk volumes derived from previous publications (40, 41, 48) .
stream regulator analysis showed that among lipid transcription regulators SREBF1 was predicted as the top significant regulator to be activated by 48 h (31/48 genes have expression direction consistent with activation of SREBF1, Z score ϭ 3.4, and Overlap P ϭ 1.6 E
Ϫ38
) and has been shown to play a central role in the regulation of many genes related to lipid metabolism (Fig. 7) . Thyroid hormone receptor-␤ (THRB) was also predicted to be activated at 48 h (8/13 genes have expression direction consistent with activation of THRB, Z score ϭ 2.1, Overlap P ϭ 9.5E Ϫ6 ). ESRRA was the earliest (24 h) upstream regulator predicted to be activated (17/28 genes have expression direction consistent with activation of ESRRA, Z score ϭ 2.8, Overlap P ϭ 7.4 E Ϫ18 ) (Fig. 7) .
DISCUSSION
To date, no studies have investigated lipid biosynthetic enzyme gene expression and lipid production in humans during secretory activation of lactation. Furthermore, the majority of studies investigating MG gene regulation in animal models have focused on milk protein gene expression, and, by comparison, little attention has been paid to lipid biosynthesis during the secretory activation phase of lactation (2, 6) . In the present study, we utilized our established model of the RNA isolated from human MFG, a reflection of gene expression in MECs (44 -46) , to study lipid metabolic enzyme mRNA expression profiles in conjunction with the measurement of milk FA composition during secretory activation and through the first 6 wk of lactation. We demonstrated that the initiation of lactation in human MECs is a very complex process associated with upregulation in expression of genes representing all aspects of lipid metabolism and milk FA production. These included lipolysis at the MEC membrane, FA uptake from blood, intracellular FA transport, FA and glycerol activation, de novo FA synthesis, FA elongation, FA desaturation, synthesis of TG, cholesterol synthesis and metabolism, and lipid droplet formation. We propose a central role for SREBF1 in controlling expression of the genes responsible for lipid synthesis in the human MECs. Decreased progesterone concentration and increased prolactin receptor signaling may be the primary trigger for the activation of SREBF1. Activation of ESRRA seems to play an important role in the transport and trafficking of FA and cholesterol synthesis genes within the MEC. Since milk fat is mostly TG (98%), our focus in this study was the metabolic processes associated with TG synthesis and packaging.
Lipolysis and transport of circulating TG and NEFA into MEC
MECs have the ability to take up efficiently LCFA from albumin-bound circulating FAs (NEFA) and lipoproteins. Moreover, lipoprotein lipase (LPL) in the MEC, compared with other tissues, is very effective in the hydrolysis of TG derived from VLDL or chylomicrons (16) . In our present study, we observed not only a severalfold upregulation in expression of the gene for LPL but also in the genes encoding for a variety of other lipases including LIPE and LIPG (Fig. 1) . Of particular interest was the mRNA expression of CEL, representing one of the most abundant transcripts of the entire arrays and its pseudogene CELP. CEL is known as a lipolytic enzyme capable of hydrolyzing cholesteryl esters, tri-, di-, and monoacylglycerols, phospholipids, lysophospholipids, and ceramide, allowing it to potentially complement other lipolytic enzymes for complete hydrolysis and assimilation of lipids (29) . However, CEL (and probably its evolutionary derivative CELP), does not represent a gene that can be active in the MG but is considered a secreted enzyme that is activated in the infant's GI tract for efficient fat digestion (17) . Interestingly, the magnitude of increase in LPL mRNA expression in human MECs is an intermediate between that observed in bovine (6) and rodent models (32, 66) . This would suggest that the primary source of FA in the murine model is de novo synthesis within the MEC, whereas in bovine it is the circulating FA with human intermediate between these two models.
Recent evidence points to the VLDLR as an essential component of LPL activity (75) . In our study, VLDLR expression was upregulated dramatically over the first 4 days but continued to increase over the 6 wk of the study. The concomitant increase in expression of the genes for lipases and VLDLR suggest a central role for these two proteins in milk fat transport during the initiation and maintenance of lactation (75) . The very subtle change in the observed mRNA expression of LDLR indicates that circulating LDL may not be a significant source for milk FA; however, the upregulation of the HDL receptor (SCARB1) suggests that its core lipids may be. On the basis of these observations, we would speculate the existence of selectivity in the circulating lipoproteins as a source for milk lipids.
Passive diffusion of FA across membranes plays a minor role compared with protein-mediated FA uptake and the "flipflop mechanism" (55) . The main proteins involved in FA uptake in nonruminant cells include FA translocator FAT/ CD36 (CD36) and FA transport proteins (FATP or SLC27A5) (13) . CD36 mRNA in our study was the highest in abundance among all FA transporter genes and parallels observation in the bovine model (6) . Our data show that human mammary tissue expresses most of the known FA transporters (SLC27A isoforms) at lower levels, and only expression of the gene for SLC27A5 was upregulated, suggesting limited uptake of NEFA (4). CD36 has been found to colocalize with FATP (6), ACSL, and FABP (74) , supporting the concept of cooperation among these proteins to facilitate FA uptake. Clearly, FA uptake by mammary cells in humans as well as in other species is a complex and coordinated process that requires further elucidation.
Once hydrolysis is complete, lipid transporters transfer the FAs to the cytoplasm where they must be bound to FABP or acylated and bound to fatty acyl binding proteins (ACBP or DBI). FABP and DBI are the main intracellular FA transporters in ruminant (6) and nonruminant MEC (48) . Such appears to be the case in humans as well, since expression of the genes for both DBI and FABP3 were upregulated severalfold. Expression of the gene for DBI is the highest in mRNA abundance and fold change among this category of genes (Fig. 2) , contributing Ͼ50% of all FABP genes. These data suggest that a significant portion of FAs is delivered to specific organelles in the MEC in the active acylated form. It is interesting to note that in bovine, FABP3 is the second most abundant transcript, contributing ϳ16% of total RNA as a result of 80-fold upregulation during lactation (6) . In contrast, bovine DBI mRNA abundance was Ͻ0.2% of total RNA and had only a small increase (1.5-fold) during lactation (6) . A similar pattern has been seen in mice (66) . Thus, in contrast to bovine and murine animals in which LCFAs are mostly shuttled intracellularly in the nonacylated form, in humans this would occur in the activated acylated form.
De Novo FA Synthesis and FA Modification
The other source for milk FAs is de novo synthesis within the MG (24) . In our study, the increase in FAs representing mammary de novo FA synthesis (Ͻ16 carbons) was the most prominent change in the milk FA profile (whether expressed as g/dl, %total, or g/day). This change in FA composition was mirrored in expression of the genes for enzymes involved in de novo synthesis within the MG. The mRNA expression of the pertinent rate-limiting step in de novo FA synthesis, ACACA (which catalyzes the carboxylation of acetyl-CoA to malonylCoA), and that of FASN were upregulated severalfold during the secretory activation. Substrates for de novo FA synthesis are most likely derived from the TCA cycle. The upregulation in expression of the genes for many enzymes of the TCA cycle and the citrate transporter SLC25A1 observed in our study suggest a role for the mitochondria in the generation and export of citrate to the cytoplasm, an initial step in the synthesis of both FA and cholesterol (66) . Similarly, the increase in expression of the genes in the malate shunt (66) and the pentose phosphate shunt (54) would provide a mechanism for the generation of NADPH for de novo FA synthesis during secretory activation. Generally, the contribution of de novo synthesis of FA Ն16 carbons in humans is very low (less than 2-5% for C16:0, using stable isotopic tracers, unpublished data). Similar observations were reported for limited capacity of the human MG to synthesize C16:0 and C18:0 FA, even on a stringent low-fat diet (24) . This is not the case in rodents and probably bovine as well. Therefore, we did not consider C16:0 in the class of de novo synthesized FA. Interestingly, we have detected the odd-chain C15:0 FA (as well as trivial amounts of other odd-chain FA from C3 to C13). Since, FASN is unlikely to synthesize an odd-chain FA unless primed with an odd carbon precursor, suggesting that mitochondrial propionyl-CoA may be utilized.
It is well established that the production of medium-chain FA by the mammary FA synthetase is regulated by thioesterase . Fluorescence intensity (means Ϯ SE, n ϭ 7) for genes involved in cholesterol transport and biosynthesis and lipid droplet synthesis from 6 h to 42 days of lactation. P values represent repeated-measures analysis after H-B multiple testing corrections. mRNA of ATP-binding cassette subfamily A #1 (ABCA1) and subfamily G #1 (ABCG1) decreased (P Ͻ 0.01), whereas ABCG2 increased (P Ͻ 0.01) by day 4. Cholesterol synthesis genes included farnesyl-diphosphate farnesyltransferase -1 (FDFT1), sterol-C4-methyl oxidase-like (SC4MOL), sterol-C5-desaturase like (SC5DL), isopentenyl-diphosphate delta isomerase-1 (IDI1), mevalonate (diphospho) decarboxylase (MVD), cholesterol 25-hydroxylase (CH25H), 7-dehydrocholesterol reductase (DHCR7), geranylgeranyl diphosphate synthase-1 (GGPS1), and cholesterol 25-hydroxylase (CH25H); all increased severalfold (P Ͻ 0.01) over study duration. Expression of genes for xanthine dehydrogenase (XDH) and butyrophilin, subfamily 1# A1 (BTN1A1) increased severalfold (P Ͻ 0.01) by day 4, whereas perilipin 2 (PLIN2) had little or no change over time.
II, the key enzyme that is expressed specifically in MEC of mammalian species (8, 37, 38, 52, 59, 73, 78, 82) by hydrolyzing medium-chain acyl moieties from thioester linkage to the FASN system. Our findings indicated that expression of the gene for S-acyl fatty acid synthase thioesterase, medium-chain (OLAH) was severalfold upregulated (12.0-fold) during the secretory activation. Additionally, we have detected an array of several ACOT genes, including ACOT1, 2, 4, 7, 8, 9, 11, and 13. ACOT family members catalyze the cleavage of acyl-CoAs into free CoA and free FAs and have the potential to regulate the intracellular concentrations of these FA molecules (7) . The increase in ACOT1 in human MEC is contrary to what is observed in the mouse (68) . Furthermore, ACOT11 had the highest increase (8.0-fold) among ACOT genes over the study duration. Interestingly, expression of ACOT11 gene in a mouse homolog in brown adipose tissue is induced by low temperatures and is repressed by warm temperatures (1) , and the increase in expression of the protein has been associated with obesity resistance in mice (1) . Generally, the increase in expression of the genes for ACOT1 and 11 may indicate that human MEC rely more on FA oxidation for their energy source compared with mice. This speculation is supported by our finding that FA ␤-oxidation is the top significant canonical pathway in lipid metabolic genes of this dataset. However, further studies are mandated to elucidate the role of ACOT genes in the MEC.
Despite the observation that there was a severalfold upregulation in expression of the gene for elongation of FA, this was not reflected in milk FA composition. Elongation of palmitate to stearate (proportion of C18/C16) was the only evidence of elongation (1.3-fold increase, P Ͻ 0.05), but the individual and sum of very-long-chain FA (VLCFA, Ͼ20 carbons) whether expressed as concentrations or as percentages of total were decreased over the study duration. We observed little evidence of desaturation in milk FA, which is in agreement with expression of the genes for desaturases. In bovine, SCD mRNA plays a crucial role in TG synthesis in lactating MG based on its activity (34), the mRNA abundance (23% of total) and upregulation (Ͼ40-fold) during lactation (6) . However, in our study, the mRNA expression of SCD decreased over the first 72 h (Ϫ10.0-fold) and then gradually increased (3.0-fold from this nadir) by day 21 (Fig. 3) , suggesting a less important role for SCD in human MECs during secretory activation.
FA and Glycerol Activation and TG Assembly
Internalized FAs must be esterified with CoA in the inner face of the plasma membrane via acyl-CoA (ASC) (47) prior to participating in further metabolism. In humans, mRNA of acyl-CoA long-chain family member 1(ACSL1) was predominant among ACSL isoforms and was up-regulated several fold during the onset of lactation, in a agreement with expression data from murine (50) and bovine mammary tissue (4, 50) . Collectively these observations highlight the importance of ACSL1 for milk TG synthesis in the MECs. Interestingly, the mRNA of acyl-CoA synthetase medium-chain family member 3 (ACSM3) was present in very low abundance in the initial milk sample but was up-regulated during the onset of lactation. Expression of genes for the two enzymes involved in activation of short chain FAs, acyl-CoA synthetase short-chain family member 1(ACSS1, mitochondrial) and member 2 (ACSS2, cytosolic), were detected, and both increased severalfold with the onset of lactation. However, ACSS2 mRNA abundance was 10-fold greater than ACSS1. In bovine ACSS1 activates acetate toward oxidation (18) , whereas ACSS2 correlates with mammary de novo FA synthesis (50) . ACSS2 was also shown to direct acetate toward FA synthesis in humans in vitro (42) .Thus, abundances of ACSS members and their increase at the onset of lactation suggest the proteins encoded by these genes provide activated acetate for de novo FA synthesis and carbon source for energy generation within the MECs (22) . Therefore, it is likely that the protein products of ACSM3 (and the ACSS2) might be utilized to incorporate medium-and short-chain acyl-CoAs into the TG synthesis pathway.
To synthesize TG, both fatty acyl-CoAs and glycerol 3-phosphate must be readily available (21) . Liver and adipose tissue are the classical lipogenic tissues. The major steps in the pathway of TG synthesis in MG from animal models have been elucidated (3, 12, 25, 27, 35, 39, 58, 81) . Glycerol can enter the MECs from the plasma to be phosphorylated by glycerol kinase (GK). Although expression of the gene for GK decreased during the onset of lactation, an alternative gene, the putative glycerol kinase-5 (GK5) increased 20-fold during the onset of lactation, indicating that GK5 may be crucial in glycerol activation within the MEC. There was also upregulation in expression of the genes for mono-acylglycerol kinase (AGK) and diacylglycerol kinase-␣ (DGKA) indicating activation of the glycerol carbon backbone in these substrates for further acylation. Another potential significant source for glycerol is glucose via glycolysis. We have shown that glycolysis was the top significant canonical pathway activated during initiation of lactation (54) .
The ultimate synthesis of TG involves the transfer of acyl-FA to the activated glycerol backbone. This is accomplished by an array of acyltransferases. Surprisingly, the abundance and change in expression of the three acyltransferases involved in the formation of mono-, di-, and triacylglycerol [glycerol-3-phosphate acyltransferase, mitochondrial (GPAM), 1-acylglycerol-3-phosphate O-acyltransferases (AGPAT), and diacylglycerol O-acyltransferase (DGAT1)] were not proportional to their expected roles, as has been reported in bovine tissue (5, 21, 71) . Additionally, the mRNA of LPIN1 (encodes a phosphohydrolase enzyme that catalyzes the dephosphorylation of phosphatidic acid to yield diacylglycerol) was the most abundant among this group of genes (LPIN1 Ͼ AGPAT1 Ͼ DGAT1 Ͼ GPAM), and their respective mRNA expressions were upregulated 4-, 2.5-, 1.2-, and 9.0-fold, respectively, during the onset of lactation. The opposite has been seen in the bovine model, where GPAM was the most abundant gene (GPAM Ͼ AGPAT6 Ͼ DGAT1 Ͼ LPIN1), and the respective increases were 10-, 15-, 1.0-, and 20-fold, respectively, by day 60 postpartum (6). It is interesting to note that DGAT1 was not upregulated during the postpartum period in bovines and only slightly increased in humans. Since DGAT1 is involved in the last step of TG synthesis by converting diacylglycerol to TG, its low expression would theoretically result in increase in dibut not tri-acylglycerol in milk. Since this is not the case, it would suggest either an increase in the protein activity of DGAT1 and/or the existence of another pathway for TG synthesis. However, the fact remains that DGAT1 is one of many proteins comprising the TG synthesis pathway (10) a lack in functionality of any gene in this pathway can likely reduce the efficiency of TG synthesis (6) .
Cholesterol and Lipid Droplet Synthesis
The presence and severalfold upregulation in the mRNA of many enzymes of the cholesterol synthesis pathway over the entire study duration (Fig. 5 ) may suggest that cholesterol is synthesized within the human MG. These findings are consistent with the observations from mice (66) and goats (41) , in which ϳ20% of the cholesterol in milk is synthesized within the MG, the remainder being imported from the plasma. Yet, the dramatic downregulation in the mRNA of the very abundant cholesterol transporters (ABCA1 and -7 and ABCG1) and the upregulation occurring only in ABCG2 (4.0-fold increase but its abundance was trivial) during the onset of lactation in our study underestimates the contribution from circulating cholesterol. These findings are consistent with bovine (6) and murine models in which the mRNA abundances for major cholesterol transporters ABCA1, ABCG1, and ABCA7 were decreased during lactating compared with nonlactating MG (6, 43) . Collectively, these observations suggest that cholesterol transport via ABC transporters into the MECs during lactation may play a minor role in cholesterol influx. Whether cholesterol is delivered into the MECs within the core of the HDL and VLDL particles via their receptors, which were both upregulated, requires further investigation.
Once TGs are formed, they are incorporated with cholesterol and phospholipids into MFG in the ER membrane (28) . MFG are then transported to the apical membrane and eventually released into the lacteal (28) . However, the precise mechanism of milk fat secretion into the milk compartment is still debated (49) . In animal models, there is a growing evidence that milk lipid secretion occurs through a "tripartite" complex among butyrophilin (an integral transmembrane protein, BTN), xanthine dehydrogenase (soluble metabolic enzyme, XDH) and adipophilin (lipid droplet surface protein, ADPH, or perilipin, PLIN2) (28, 49, 63, 64) . We confirmed the high abundances in gene expression of XDH, BTN1A1, and ADFP (Fig. 5) , supporting this model in humans as has been proposed for murine (49) and bovine (6) models.
SREBF1, THRSP, and ESRRA Activation: Potential Rate-Limiting Step for Lipid Production in Human MEC
Having determined a number of functionally important genes and lipid metabolites that are upregulated at the onset of lactation, we attempted to reveal the hierarchy of regulators for genes controlling lipid synthesis in the human MEC. We examined the temporal profiles and expression levels of categories of genes known to regulate lipid metabolism in liver, adipose, and MG in animal models (6, 66) . We recently reported (54) that the concomitant decrease in milk progesterone was associated with an increase in expression of the gene for prolactin receptor (PRLR) and plasma prolactin concentration, suggesting that increased prolactin signaling pathway may be an important trigger for the induction of crucial genes in the lactose synthesis pathway. Similarly, we propose that progesterone withdrawal and PRLR activation may also trigger the lipid synthesis machinery in human MEC, as has been proposed in other animal models (6, 66) .
We propose that increased induction and activation of SREBF1 is central to MG lipid synthesis in humans as it has been shown in rodent (66, 69) and bovine (6) models. The change in expression of the genes for SREBF1 and thyroid hormone-responsive protein (THRSP) in this study paralleled the peak of milk prolactin concentration and a sevenfold increase in expression of the gene for PRLR (54) . The resulting IPA network (Fig. 7) underscores a central role for SREBF1, THRSP, and ERRA genes in controlling transcription of many of the genes assessed in the present study that regulate milk fat synthesis.
This speculation is in keeping with a substantial body of evidence that prolactin is central to the process of secretory activation in mice (19, 20, 65, 69) . Bromocriptine-mediated loss of serum PRL suppresses MEC-specific gene expression of milk protein genes, transporters for glucose and citrate, and both glycolytic and lipogenic enzymes in mice (69) . Additionally, SREBF1 isoforms a and c, were two-and threefold decreased in BrCr-Rx mice. Finally, a severalfold decrease was observed in the genes of de novo FA synthesis (FASN, ACLY, ACC1, and SLC25A1) and TG synthesis (DGAT1, SCD2, and FADS) (69) . Expression of other genes, namely INSIG2 and PPARA increased progressively to reach a relative plateau by day 4, but their role in the induction of milk fat synthesis remains to be determined. The data from bovine model, although emphasizing the role of SREBF1, supports the notion that is not the only player regulating lipid synthesis in bovine mammary tissue but suggest a putative role of PPARG in the coordination with PPARGC1A and INSIG1 in controlling function/expression of SREBF1 (6) . It is worthwhile to note that activation of SREBF1 as a transcription factor is under control of both INSIG and SREBF cleavage-activating protein (SCAP) and that the importance of SCAP in this pathway has been demonstrated in mice (67) and bovine (5, 26) .
SREBP1 and THRSP (Spot14) have been shown to be involved in the regulation of lipid synthesis in the MG of mice (33) and bovine (26) . THRSP is required for de novo lipid synthesis in the lactating MG (83) , since in THRSP-null mice milk TG is significantly reduced as a result of decreased MG de novo lipid synthesis. Additionally, THRSP is a component of the lipogenic phenotype observed in aggressive breast cancers (80) . In rodents (62) and cows (11) , administration of thyroid hormones resulted in an increased milk yield. In addition, administration of TRH to women resulted in elevated serum prolactin and daily milk yield in women with inadequate lactation (60) . The connection between THRB and THRSP is not clear in the MG. THRB gene knockout in liver of mice decreased expression of the gene for THRSP (79) , which could be explained by DNA-protein interactions as a result of binding of THRSP gene promoter and protein of THRB occurs in a nuclear extract from rat liver (40) .
Independently of the mRNA expression pattern, the upstream regulator analysis using IPA has shown that ESRRA was the earliest (24 h postpartum) upstream regulator predicted to be activated (see RESULTS) . The role of ESRRA activation was directed more toward upregulation of genes responsible for lipolysis, transport, binding, and activation of FA based on studies from rat cardiac myocytes (31) and mouse T lymphocytes (51) and adipocytes (61) . In addition, ESRRA is a member of a complex mediating the biogenesis of functional mitochondria (53) in human follicular thyroid carcinoma cell lines. We speculate the same role for ESRRA may apply to the MEC which indeed remain to be determined.
Those authors (6) proposed that a network of transcription regulators and nuclear receptors, including SREBF1, SREBF2, PPARG, INSIG1, and PPARGC1A, coordinate activation of the genes driving the lipid synthesizing machinery. However, these speculations are not supported in our human data, as the mRNA expression for INSIG1 continued to increase very slowly to reach 2.6-fold by day 42, the mRNA expression for SREBF2, PPARG, and SCAP decreased during the onset of lactation. Taken together, our findings allowed us to develop a model of milk fat synthesis regulation in human MEC (Fig. 8) .
The model incorporates the most recent information available, including our data, on enzymes involved in milk fat synthesis.
Because of the nature of microarray analysis, we emphasize that our findings are relative gene expressions. However, we Fig. 8 . This figure depicts a model of the lipid synthesis genes in the human mammary epithelial cell during secretory activation according to cell compartment. C, cytoplasm; M, mitochondria; N, nucleus; E, endoplasmic reticulum; G, Golgi; CLD, cytoplasmic lipid droplet, MFG, milk fat globule. The VLDL-TG core (or chylomicrons) is hydrolyzed by LPL in cooperation with VLDLR and releases LCFA for transport across the endothelium into the extracellular space. LCFA are imported into mammary cells via CD36 in concert with SLC27A5. Once LCFAs cross the membrane, most are activated into an LC-acyl-CoA (LCACoA) primarily via ACSL1 & 4 for subsequent utilization. ACACA & B synthesize malonyl-CoA, and both acetyl-CoA and malonyl-CoA are substrates for FASN. Formation of acetyl-CoA from acetate is carried out by ACSS2. Acetyl CoA can also be derived from citrate by action of ACLY. Mitochondria generate ATP, protons, and citrate as fuel and substrate for de novo FA synthesis. OLAH (thioestrase II) interacts with FASN to produce medium-chain FA (C6-C14) and subsequent activation by ACSM3, which allows FAs to enter into the TG synthesis pathway. Glycerol and acylglycerols are activated by GK, GK5, and AGK. LCACoA bind primarily to DBI and FABP3, which transports them to specific intracellular organelles for serving as substrate for TG synthesis. Activated glycerol and LCACoA form TG via sequential reactions carried out by GPAM, AGPAT1, LIPIN1, and DGAT1. Cholesterol is mainly synthesized within the MEC (overall upregulation of genes responsible for synthesis) and little is imported (downregulation of transporters except ABCG2). Once TG and cholesterol are formed, they are inserted into the ER membrane to form tiny CLD. These fuse to form bigger CLD and are secreted, by an apocrine mechanism, surrounded by apical membrane into the alveolar lumen as MFG through the interaction of PLIN2 with BTN1A1 and XDH. The outer MFG membrane contains, among other membrane proteins derived from the apical membrane, lipid transporters and cholesterol. We propose that a role for SREBF1 and THSRP activation, via prolactin receptor signaling (STAT5B) is crucial in activation of genes involved in lipolysis, de novo synthesis, FA activation, and TG and cholesterol biosynthesis. SREBF1 is not active in the nucleus until cleaved by a process in the Golgi involving SCAP and INSIG. ESRRA activation via PPARA triggers upregulation of genes involved in FA transporter (CD36), lipase (LPL), FA binding (FABP3), and FA activation (ACSL1).
have associated the mRNA expression (but not their protein concentrations or enzymatic activities) with the ultimate product (i.e., milk FA). We believe that the relative values over time for genes represented in our study are generally correct. However, it is likely that they are influenced by changes in expression of the major milk protein genes (45) . This could account for an underestimation of gene expression, particularly for mRNAs with low abundances. Although we have attempted to cluster genes according to known pathways of TG synthesis (as has been shown in Figs. 2-6 ), clustering of genes based on their trajectories (65) might also be useful. In this regard, most of the genes involved in FA transport and synthesis are upregulated between delivery and 48 h postpartum, suggesting that they are under the same or similar regulation. Some genes including DBI, FA activation, TG assembly, XDH, and BTN1A1 are upregulated more between 48 and 96 h postpartum, suggesting that their expression may be regulated independently of those induced over the first 48 h. However, other genes showed major upregulation over the entire period of study duration, suggesting yet a third mode of regulation. These later genes include LIPG, FA modification (the ELOVLs and SCD5) and those involved in cholesterol synthesis as well as INSIG1. Some genes (like LDLR, GK, PLIN2, and SCAP) have clear importance in MG lipid synthesis (based on other models) but whose expression did not change over the course of our studies. Finally, other genes (PPARG, ABCA1, ABCG1, and LIPA), known to be integral in lipid and cholesterol metabolism, were profoundly downregulated.
In conclusion, initiation of human lactation is characterized by dramatic upregulation in expression of genes associated with FA uptake from blood (LPL, CD36, SCARB1, and VLDLR) and intracellular transport/channeling (DBI and FABP3). Milk FA profiles mirrored mammary gene expression, since de novo synthesis increased with establishment of lactation. The onset of lactation was associated with upregulation of mRNA for genes involved in activation of FA (ACSL1, ACSS2), de novo synthesis (ACACA, ACLY, FASN, and OLAH), desaturation (FADS2), elongation (ELVOL1/5), glycerol activation (GK5, GPD1L, and AGK), synthesis of TG (AGPAT1, GPAM, and LPIN1), lipid droplet formation (BTN1A1, XDH, and PLIN2), and cholesterol synthesis (FTFD1, MVD, and SC5DL). Activation of SREBF1, together with THRSP and ESRRA via the concomitant decrease in progesterone concentration and increase prolactin signaling, is most likely central for milk lipid synthesis regulation in the human MG.
